Physiological and ultrastructural evidence indicates that gap junctions link many classes of neurons in mammalian central nervous system (CNS), allowing direct electrical and metabolic communication. Among at least six gap junction-forming connexin proteins in adult rat brain, connexin-(Cx) 32, Cx36, and Cx43 have been reported to occur in neurons. However, no connexin has been documented at ultrastructurally defined neuronal gap junctions. To address this question directly, freeze-fracture replica immunogold labeling (FRIL) and immunofluorescence (IF) were used to visualize the subcellular and regional localization of Cx36 in rat brain and spinal cord. Three antibodies were generated against different sequences in Cx36. By Western blotting, these antibodies detected protein at 36 and 66 kDa, corresponding to Cx36 monomer and dimer forms, respectively. After double-labeling for Cx36 and Cx43 by FRIL, neuronal gap junctions in inferior olive, spinal cord, and retina were consistently immunogold-labeled for Cx36, but none were labeled for Cx43. Conversely, Cx43 but not Cx36 was detected in astrocyte and ependymocyte gap junctions. In >250 Cx32͞Cx43 single-and double-labeled replicas from 10 CNS regions, no neuronal gap junctions were labeled for either Cx32 or Cx43. Instead, Cx32 and Cx43 were restricted to glial gap junctions. By IF, Cx36 labeling was widely distributed in neuropil, including along dendritic processes and within neuronal somata. On the basis of FRIL identification of Cx36 in neuronal gap junctions and IF imaging of Cx36 throughout rat brain and spinal cord, neuronal gap junctions containing Cx36 appear to occur in sufficient density to provide widespread electrical and metabolic coupling in adult CNS.
G
ap junctions are composed of hexamers of ''connexin'' proteins that bond head-to-head across the extracellular space, thereby forming channels that permit intercellular exchange of ions and small molecules (1) (2) (3) . In nervous tissue, gap junctions are a structural correlate of electrical synapses, and evidence has accumulated for the existence of such synapses throughout the mammalian central nervous system (CNS) (4) (5) (6) (7) (8) (9) (10) . In addition, gap junctions too small to be seen by conventional thin section electron microscopy have been described at freeze-fractured ''mixed'' (chemical plus electrical) synapses in mammalian spinal cord (10) . Indeed, on the basis of electrophysiological, dye-coupling, and ultrastructural analyses, virtually all major CNS structures from retina and olfactory bulb to spinal cord and primary sensory ganglia have been suggested to contain neurons linked by gap junctions (9) . The functional significance of these electrical and mixed synapses in adult mammalian CNS has been difficult to assess because of the absence of practical methods for documenting, quantifying, or mapping the distribution of neuronal gap junctions. In addition, there has been substantial uncertainty concerning the identity of connexins that form neuronal gap junctions. For example, the consensus glial connexins Cx32 and Cx43 (11) (12) (13) (14) (15) (16) (17) (18) (19) also were reported to be expressed in neurons of adult rat or mouse (11, (20) (21) (22) (23) (24) (25) . However, neither of these connexins has been demonstrated to occur at ultrastructurally defined gap junctions in unambiguously identified neurons, which is essential for designating connexins as neuronal (13, 15) .
Among six members of the connexin family identified in CNS tissues, Cx36 and its homologs Cx35 and Cx34.7 in fish have recently emerged as prime candidates for neuronal connexins (26 -29) . Cx36 was identified by reverse transcription-PCR of mRNA extracted from rat inferior olive (IO), then cloned from a mouse genomic library (26) , and subsequently confirmed to be highly expressed in neural tissue, particularly retina (30) . In situ hybridization revealed Cx36 mRNA in neuronal cell bodies in various regions of rat brain, and neuronal lesions of IO depleted it of Cx36, further suggesting a neuronal source of Cx36 mRNA (26) .
To investigate Cx36 protein localization in neural tissue of adult rat, antibodies (Abs) against Cx36 were developed and used to localize Cx36 within individual gap junction plaques using freeze-fracture replica immunogold labeling (FRIL) (31) (32) (33) . In addition, FRIL was used for single-and double-labeling of Cx32, Cx43, and Cx36 to determine the ultrastructural localization of the former two connexins in relation to that of Cx36. These three connexins are now documented to occur separately in each of three specific cell types and, in the case of Cx43, in two types of macroglial cells. Our data reveal that of these three connexins, only Cx36 is present in gap junctions of ultrastructurally defined neurons. An abstract of these results has been presented.**
Materials and Methods
Cx36 Abs and Western Blotting. Three anti-Cx36 Abs were generated in rabbits immunized with keyhole limpet hemocyaninconjugated synthetic peptides and then affinity-purified. Ab298 was against a peptide corresponding to amino acids 298-318 in Cx36. Ab51-6200 was against a cytoplasmic loop domain, and Ab51-6300 was against the carboxyl terminus. These latter two Abs are commercially available from Zymed. Brain tissues from male Sprague-Dawley rats (300-350 g) were homogenized in Hepes buffer [20 mM Hepes, pH 7.2͞0.1 M NaCl͞2 mM EDTA͞1 mM phenylmethylsulfonyl fluoride (PMSF)] and centrifuged. Pellets were treated with 1% Nonidet P-40 (Igepal CA-630; Sigma), centrifuged, and resuspended in Hepes buffer.
Abbreviations: Cx, connexin; IF, immunofluorescence; CNS, central nervous system; FRIL, freeze-fracture replica immunogold labeling; Ab, antibody; IO, inferior olive; IMP, intramembrane particle; LM, light microscopy. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Total protein was determined with the Bio-Rad DC protein assay. Western blotting was conducted as described (12), with transblotted membranes processed by enhanced chemiluminescence. For analysis of specificity by peptide preadsorption, Ab (3 g) was diluted in 100 l of Tris-buffered saline, pH 7.4, alone or in combination with 100 g of Cx36 peptide, and incubated overnight at 4°C before final dilution for use in primary solutions (1 g͞ml). (Fig. 1) were single-or double-labeled using combinations of primary monoclonal and polyclonal anticonnexin Abs, followed by secondary labeling with anti-rabbit, anti-mouse, and anti-sheep Abs conjugated to 10 and 20 nm gold (33) . For Cx36, only Ab298 was used for FRIL experiments. Monoclonal and rabbit polyclonal anti-Cx43 Abs were from Chemicon (Temecula, CA); mAbs to Cx32 were from Chemicon and Zymed; rabbit polyclonal Abs to Cx32 were from Chemicon, Sigma, and Zymed; and sheep anti-Cx32 was from Biogenesis (Poole, United Kingdom). Secondary Abs (10-and 20-nm immunogold goat anti-rabbit, goat anti-mouse, and donkey anti-sheep) were from Chemicon (now obtainable from Jackson Laboratories, Westgrove, PA.).
Using a JEOL 2000 EX-II transmission electron microscope, we photographed replicas as stereoscopic pairs to distinguish specific labeling (occurring on tissue-side only) from nonspecific labeling [Ͼ90% on the nontissue͞Lexan side (33)]. Freezefractured neurons, glial cells, and vascular endothelia were identified according to 24 criteria (see table 2 in ref. 35) . Nerve terminals and dendrites were identified by the presence of Ͼ25 uniform-diameter synaptic vesicles in the cytoplasm, distinctive clusters of E-or P-face intramembrane particles (IMPs) that correspond in location to postsynaptic densities seen in conventional thin sections, specialized appositions (''active zones'') shared between dendrite and one or more nerve terminals, and absence of glial markers. Astrocytes were identified by aquaporin 4 square arrays in the plasma membranes, distinctive glial fibrillary acidic protein (GFAP) filaments in the cytoplasm, and high density of IMPs in their plasma membranes, particularly in E-faces (35) (36) (37) (38) . Oligodendrocytes were identified by low density of IMPs in both E-and P-faces, distinctive ''reciprocal patches'' of mixed IMPs and pits in both E-and P-faces, and unique ''necklaces'' of IMPs surrounding gap junction E-faces (35, 37) . Ependymocytes lined the third ventricle and spinal central canal, and microvilli projected from their apical surfaces (35, 36) .
Immunofluorescence (IF).
Anesthetized rats were perfused transcardially with 50 ml of 50 mM sodium phosphate buffer (PB), pH 7.2, containing 0.9% saline (PBS), followed by perfusion with 4% formaldehyde in PB. Cryostat sections (3-15 m) were collected on gelatin-coated slides and incubated for 16 h at 4°C with anti-Cx36 Abs diluted 1:500 in PBS containing 0.3% Triton X-100 (PBST). Sections were washed in PBST, incubated for 1.5 h with Cy3-conjugated donkey anti-rabbit IgG diluted 1:200 in PBST, washed, air-dried, and coverslipped.
Results
Ab Characterization. Western blots with three sequence-specific Abs to Cx36 are shown in Fig. 2 . Ab298 (Fig. 2 A) , Ab51-6200 Western blots of tissues probed with anti-Cx36 Abs generated against three different sequences within Cx36. (A-C) Three blots containing homogenates of retina, olfactory bulb (OB), and IO probed with Ab298 (A), Ab51-6200 (B), and Ab51-6300 (C). The Abs detected Cx36 monomer migrating at 36 kDa in all three tissues. A Cx36 dimer migrating at 66 kDa also was detected to various degrees. The band at 48 kDa was seen after omission of primary Ab (not shown) and is nonspecific. Ab298 detected an unidentified protein at 40 kDa. (D) Recognition of Cx36 and the cross-reacting protein at 40 kDa (retina) was eliminated after preadsorption of Ab298 with synthetic peptide antigen (retina, pa). (Fig. 2B) , and Ab51-6300 (Fig. 2C ) detect monomeric Cx36 migrating at 36 kDa in homogenates of retina, olfactory bulb, and IO. In each tissue, the dimeric form of Cx36 migrating at 66 kDa was recognized by Ab298 and to various degrees by the other two Abs. An additional unidentified protein migrating at 40 kDa was recognized by Ab298 in retina and olfactory bulb, but was absent in IO, and was not recognized by the other Abs. After omission of primary Ab, blots probed with secondary Ab were devoid of all signal (not shown) except for a nonspecific band at 48 kDa in IO. Preadsorption of Ab298 (Fig. 2D) and Ab51-6300 (not shown) with synthetic peptide antigen eliminated detection of Cx36 as well as the band detected by Ab298 at 40 kDa.
Detection of Neuronal and Glial Connexins by FRIL.
Neurons and glia in selected areas of brain and spinal cord were examined in Ͼ165 replicas labeled for Cx43, 88 replicas labeled for Cx32, and 8 replicas double-labeled for Cx32͞Cx43. Neurons and glia also were examined in 5 replicas of IO, 1 of spinal cord, and 4 of retina that were double-labeled for Cx36͞Cx43, and in 1 sample of IO that was single-labeled for Cx36.
In Cx36͞Cx43 double-labeled replicas, stereoscopic imaging revealed Cx36 immunogold beneath 24 of 26 neuronal gap junctions in IO (Fig. 3 A-D) , beneath 10 of 10 in retina (Fig. 3E) , and beneath 2 of 2 in spinal cord (Fig. 4A) . No neuronal gap junctions were labeled for Cx43. In the same replicas, Ͼ90% of astrocyte gap junctions were labeled for Cx43 (Fig. 4B) , but none were labeled for Cx36. The probabilistic nature of immunogold labeling of SDS-washed samples, combined with typical labeling efficiencies of approximately 1:40, occasionally resulted in unlabeled gap junctions (33), particularly those containing fewer than 50 connexons (see Fig. 4B for labeled and unlabeled junctions in the same astrocyte).
Two gap junctions were observed in each of three nerve terminals (two in IO and one in spinal cord), and five of those six gap junctions were labeled for Cx36 (Figs. 3 A-C and 4A) , demonstrating that multiple gap junctions in the same neuronal processes contained Cx36. Although no protein is replicated within E-face pits, E-faces are labeled and often with higher efficiency than P-faces (Figs. 3A-D and 4A-C) . The basis for this seeming contradiction is illustrated in Fig. 1 . Overall, the 36 Cx36-labeled and two unlabeled neuronal gap junctions had a total of 259 gold beads beneath Ϸ9,800 connexons [average, 258 connexons and 7.2 gold beads per gap junction, or 1 gold bead per 38 connexons, which is approximately the same as reported for other connexins (31, 32, 38, 39) ]. Interestingly, the 24 labeled and 2 unlabeled gap junctions in electrical synapses of IO had an average of 247 connexons, which is 5 times greater than the average number of connexons in gap junctions at mixed synapses in spinal cord (10) .
To test Cx32 and Cx43 as possible neuronal vs. glial connexins, Ͼ200 single-and double-labeled replicas from throughout brain and spinal cord were examined. In these replicas, Ͼ3,000 astro- cyte gap junctions (Fig. 4B ) and Ͼ100 ependymocyte gap junctions were labeled for Cx43 (also see refs. 13, 15, and 33). However, no Cx43-labeled neuronal gap junctions were detected, even as ''false positives'' (defined and illustrated in ref. 33 ). Cx32 was found in Ͼ100 oligodendrocyte gap junctions (Fig.  4C ) but was never detected in neuronal gap junctions (13, 15, 33) or in astrocyte (Fig. 4C) or ependymocyte gap junctions. However, more than one dozen unlabeled neuronal gap junctions were found in the same samples (negative data not shown).
IF Labeling.
On the basis of the above results, light microscopy (LM) immunolabeling was used to examine neuronal localization of Cx36 protein and to investigate the extent of its distribution in adult brain and spinal cord. Regionally and qualitatively similar punctate IF staining was obtained with all three Cx36 Abs used in this initial study; however, only images obtained with Ab51-6200 are presented here.
In the retina, Cx36-labeling was intense and stratified. Relatively large and brilliant neuronal puncta were seen within the outer plexiform layer (Fig. 5A) , whereas a more extensive field of fine puncta typified labeling of the inner plexiform layer (Fig.  5A ). Cx36 IF was densely distributed in the IO, which showed much higher Cx36-immunoreactivity than other brainstem regions at this level of section (Fig. 5B) . Labeling in the IO consisted of puncta within the neuropil, as well as IF within neuronal somata (Fig. 5C ), thereby providing data not obtainable by the membrane labeling methods of FRIL. In the spinal cord, punctate Cx36 IF was much more evident in gray matter than in white matter, and both the dorsal and ventral horn showed moderate immunoreactivity, paralleling observations of neuronal gap junctions in conventional freeze-fracture replicas (10) . As had been noted in the IO, perikaryal staining was seen in large neurons within the ventral horn (Fig. 5D, arrows) . In two areas not investigated by FRIL, the striatum and globus pallidus (Fig. 5 E and F) , distinctly different subcellular distributions were seen, with a preponderance of punctate staining in the neuropil of the striatum vs. a preponderance of cytoplasmic labeling of neurons in globus pallidus. IF data showed a similarly striking regional and cellular heterogeneity in the distribution of Cx36 throughout many other brain regions, notably the hippocampus, thalamus, and brainstem.
Discussion

FRIL analysis of three regions of adult rat CNS revealed that
Cx36 is present in gap junctions linking neurons. In contrast, neither Cx32 nor Cx43 was detectable in neuronal gap junctions in any of seven regions of brain or three regions of spinal cord. These results indicate that: (i) neuronal gap junctions contain Cx36, but not Cx32 or Cx43; (ii) astrocyte gap junctions contain Cx43, but not Cx36 or Cx32; and (iii) oligodendrocyte gap junctions contain Cx32, but not Cx36 or Cx43. The present FRIL data are consistent with our previous estimates of Ͼ1,000-fold more glial than neuronal gap junctions in CNS tissue (15, 35) . In comparison with freeze-fractured astrocyte junctions, where 10-50 gap junctions were commonly seen in single grid openings, neuronal gap junctions were encountered, on average, in Ϸ1͞100 grid openings (10, 15) . However, in the broader views afforded by LM, widespread IF labeling for Cx36 was seen in neuropil, in neuronal cell bodies, and along dendrites. One plaque has three 10-nm gold beads (white arrow), and one is unlabeled (black arrow). Aquaporin 4 square array (arrowhead) is a definitive marker for astrocytes (38) . (C) Three gap junctions in oligodendrocyte P-faces (Ol P) in cerebellum are labeled for Cx32 by 12, 6, and 2 gold beads. One Cx32-labeled oligodendrocyte gap junction is enlarged (Right Inset). Nearby astrocyte gap junction (As P, and Left Inset) is not labeled for Cx32.
Our Western blotting results extend earlier reports (26, 30) of widespread Cx36 mRNA expression in rodent neural tissue by demonstrating Cx36 protein in homogenates from several CNS regions. Detection of similar protein bands with three Abs directed against different sites in Cx36, in combination with FRIL localization of one of those Abs to ultrastructurally defined neuronal gap junction plaques, leaves little possibility of protein misidentification. Moreover, the high levels of Cx36 protein expression in retina are consistent with the abundance of Cx36 mRNA reported in that tissue (30) . More generally, detection of Cx36 on Western blots of several brain regions confirms and extends data obtained for Cx36 expression by in situ hybridization (26) .
Previous studies, using LM methods, have reported expression of Cx32 and Cx43 protein and͞or mRNA in neurons (11, 16, 20, 21, 24, 25, (40) (41) (42) (43) (44) (45) . However, inherent limits of resolution of LM preclude assignment to structures smaller than 0.3 m. Astrocyte and oligodendrocyte processes, which are well established to contain Cx43 and Cx32 (13, (16) (17) (18) (19) 24) , often are thinner than 0.2 m. Where those thin processes follow the contours of neurons, it would be difficult to distinguish whether connexin IF is localized to oligodendrocyte, astrocyte, or neuronal plasma membranes.
In this study, no evidence for Cx32 or Cx43 in neuronal gap junctions was found in Ͼ250 single-and double-labeled FRIL replicas. To date we have evaluated Ͼ3,000 labeled glial gap junctions (this study), Ͼ1,000 unlabeled glial gap junctions (35) , Ͼ100 unlabeled neuronal gap junctions (10, 15) , and 36 (of 38) labeled neuronal gap junctions (this study) in 10 regions of brain and spinal cord. In this sampling, no evidence was found for gap junctions between glial cells and neurons. These results and our previous estimates of 1,000-fold greater number of glial than neuronal gap junctions contrast with reports that 17.9% of all gap junctions in adult rat cortex represent neuronal͞glial junctions and that neuronal͞glial gap junctions contain Cx32 and Cx43 (21) . Thus, it is possible that either gap junctions or cells linked by gap junctions were misidentified in previous reports, or alternatively, that putative neuronal͞glial gap junctions were not recognized in our FRIL replicas, and if they exist, that they use connexins other than Cx32, Cx36, or Cx43.
With increasing evidence for multiple connexins in individual gap junction plaques in diverse cell types (19, 39) , our data do not exclude the possibility that neuronal gap junctions contain additional as-yet-unidentified connexins that may participate in the formation of novel gap junctions. Also requiring further analyses are the subcellular sites to which neuronally expressed connexins are targeted. These may be localized at, e.g., typical electrical synapses that have been described in mammalian brain (reviewed in ref. 9) or at mixed synapses in spinal cord (10, 15) . FRIL methods should be of value in assessing each of those issues. In FRIL, each gold bead acts as an independently targeted probe. Thus, multiple gold beads on the same gap junction plaque provide multiple independent confirmations of target connexins in individual gap junction plaques of identified cells (33) . Despite its relatively low labeling efficiency (Ϸ1 gold bead per 40 connexins), FRIL is a highly specific technique for ''flagging'' even the smallest gap junctions, identifying the constituent connexins, and identifying the coupled cells (15, 31, 33) .
Connexin immunostaining by LM usually appears punctate in most tissue (9, 13) , and those puncta have been presumed to reflect gap junctions. Although the degree to which Cx36- positive puncta correspond to neuronal gap junctions will require correlative LM-transmission electron microscopy analysis, confirmation of such a correspondence would indicate that neurons in diverse areas of mammalian brain are relatively richly invested with gap junctions. Intracellular labeling for Cx36 also was seen, and this may be fortunate as it will enable LM correlation of Cx36-positive neurons with appropriate transmitter markers, just as FRIL will allow colocalization of Cx36 and neurotransmitter receptors within individual mixed synapses (unpublished results). As with other proteins expressed by neurons, only a portion of neurons expressing Cx36 may show recognizable levels of the protein in the perikaryon. For example, both Cx36-positive puncta and neuronal somata were seen in the globus pallidus, whereas Cx36-positive somata were not seen in the striatum, which nevertheless contained a high density of puncta. As one possibility, these cytoplasmic differences may reflect high vs. low rates of connexin turnover through cytomembrane pathways.
The present FRIL and IF data, as well as in situ hybridization results (26) suggest that adult mammalian CNS contains sufficient neuronal gap junctions to provide structural pathways for widespread electrical and͞or metabolic integration between neurons. Our identification of Cx36 in ultrastructurally defined neuronal gap junction plaques provides the basis for obtaining detailed immunohistochemical maps of the entire CNS to establish the regional and cellular densities of neuronal Cx36. Such maps will be of value in illuminating areas in which to focus functional studies of the roles of neuronal gap junctions in synaptic integration and metabolic coupling in the CNS.
